In this paper, generation of soliton molecules by a self-mode-locked Er/Yb double clad fiber laser is experimentally demonstrated. The optical spectrum of the bound solitons exhibits eight well defined peaks at ∼1563 nm with high modulation depth. The corresponding autocorrelation measurement shows a fundamental trace with several narrow peaks, suggesting the presence of bound solitons. The obtained results demonstrate the reliability of our simple laser configuration for the formation of more robust soliton molecules as the pump power is increased. The soliton molecules exhibit repetition rate of 19.54 MHz and average power of 1.2 W, achieved with a pump power of ∼4.8 W.
Introduction
Passively mode-locked fiber lasers as simple and low-cost coherent sources with ultrashort pulsed emission are attractive for a wide range of applications including: fiber sensing, laser measurement, nonlinear optical properties of materials, spectroscopy, and optical communications, among others [1] - [4] . In order to obtain mode-locked laser operation in fiber lasers, different material-based fast saturable absorbers (SA) such as carbon nanotubes, semiconductor saturable absorber mirror, graphene, and topological insulators, have been extensively investigated. In this regard, another reliable technique to obtain mode-locked laser pulses, usually named self-mode-locking (SML), relies on the use of a long enough active fiber simultaneously as gain medium and as SA [5] - [8] . S. M. Zhang et al. [5] reported self-Q-switching (SQS) and mode-locking in an all fiber Erbium/Ytterbium (Er/Yb) co-doped fiber (EYDF) ring laser using a section of unpumped EYDF as a saturable absorber; by combining the saturable absorption of the long length EYDF and a spectral filter, mode-locking pulses with duration of 26 ns were obtained. Brunet et al. in Ref. [6] describes a simple model for SML and sustained self-pulsing (SSP) transitions in Yb-doped fiber lasers, depending on the ratio between the absorbed pump power and the threshold absorbed pump power, where transitions from low-power SML to SSP and from SSP to high-power SML are obtained as the pump power is increased.
Once the pulsed operation of mode-locked lasers is stimulated by the saturable absorption effect, the dynamics of the laser cavity depends on a compromised balance between spectral filtering and nonlinearity, dispersion, and gain [9] . Then, a fiber laser serves as a complex dissipative system with fixed soliton solutions for plentiful pulsed states such as conventional solitons, soliton molecules [10] - [12] , soliton rains [13] , vector solitons [14] , dissipative rogue waves [15] , dissipative soliton resonance [16] , noise-like pulses (NLP) [17] , and symbiotic states [18] . Particularly, solitons molecules in fiber lasers have been of sustained theoretical and experimental studies during the last two decades [19] - [23] . Soliton molecules are stable structures formed by multiple solitons whose energy is proportional, but slightly different, to the sum of the single solitons involved, as it can be expected in a dissipative process. In B. A. Malomed firstly theoretically predicted that interactions of two solitons could lead to the formation of bund states when oscillating tail of solitons are slightly overlapped [24] . J. P. Gordon, shows from the general two-soliton function that solitons in fibers exert forces on their neighbors that decrease exponentially with the distance between them and depend sinusoidally on their relative phase [25] . Based on a double nonlinear balance between fiber loss and gain, and between Kerr nonlinearity and chromatic dispersion, the formation mechanism of soliton molecules was clarified by N. N. Akhmediev et al. [26] , [27] . In this case, the multisoliton structure can be formed by separate single solitons' interactions [9] . Bound dissipative solitons have been observed in both normal and anomalous dispersion regimes in fiber lasers [10] , [20] , [21] , [23] - [32] . N. N. Akhmediev et al. in Ref. [33] suggested a three-soliton sequence by phase coding of multiple pulses propagation with equal relative distance and amplitude, based on the nonlinear Shrödinger equation solution for exact N-solitons. P. Rohrmman et al. presented an experimental study of bound states of two and of three solitons in dispersion managed fibers [34] . X. Liu observed dynamics evolution of temporal dissipative-solitons molecules in large net cavity dispersion regime [35] . B. Ortaç et al. reported the experimental generation of two-soliton molecules in an all-polarization-maintaining fiber laser [36] . A. Zaviyalov et al. investigated the influence of gain dynamics on soliton molecules that self-assemble in mode-locked lasers [37] . M. Stratmann et al. predicted numerically and demonstrated experimentally a bound soliton state in dispersion-managed optical fibers [38] . M. Grapinet et al. reported a model revealing the existence of vibrating soliton pairs, experimentally demonstrated for passively mode-locked fiber lasers [39] . From the reported research on bound solitons, it was observed that the vibration of the solitons phase difference and the oscillation pulse separation lead to an effect on spectra and autocorrelation traces [40] . From this, it can be proved that the soliton molecules state is an intrinsic property of passive mode-locked fiber lasers which can be obtained independently of the dispersion regime, emission wavelength range, and saturable absorption mechanism [41] .
In this paper, we experimentally demonstrate self-starting soliton molecules generation in a SML EYDF laser operating in anomalous dispersion regime. The generation of SML pulses is based on the saturable absorption effect, produced by a weakly pumped section of the Er/Yb double-clad fiber (EYDCF) used as gain medium. The Er/Yb double clad fiber consists of suitable multi-elemental doped silica glass made through modified chemical vapor deposition (MCVD) process combined with solution doping technique, comprising simultaneous doping with Aluminum (Al), Germanium (Ge), Phosphorus (P), Boron (B), Fluorine (F), and Cerium (Ce) for avoiding spurious lasing at 1.0 μm (Yb 3+ ) at high pump powers. Such a newly material compositional design for EYDCF involved more than 23 wt% of P 2 O 5 with minor doping with 2.0 wt% GeO 2 , 0.50 wt% Al 2 O 3 , 2.5 wt% B 2 O 3 , 0.191wt% CeO 2 , and 0.032 wt% F, estimated from electron probe micro analyses (EPMA). In this experiment, EYDCF allows to design simple complete fiber laser systems, having the advantage profitability, high efficiency and free maintenance; in addition, intracavitary components are not needed, which makes them compact, cheap and simple. Soliton molecules exhibiting an optical spectrum with a high modulation depth and autocorrelation traces with several peaks are obtained. SML laser pulses with repetition rate of 19.54 MHz and average output power of 1.2 W are achieved at maximum pump power of ∼4.8 W.
Experimental Details
The configuration of our mode-locked EYDCF laser is shown in Fig. 1 . The ring cavity includes a 1.8-m long homemade EYDCF with an octagonal cladding structure, core numerical aperture of 0.21, core / outer clad diameters of 11.05 / 128 μm, which provides inner cladding absorption of 3.0 dB/m at 915 nm and core absorption of 49 dB/m at 1530 nm. The EYDCF, used as gain medium, is pumped through a (2 + 1) × 1 pump/signal combiner by a 976 nm fiber-pigtailed multimode laser diode (LD) with maximum output power of ∼25 W. The cavity is completed by a fiber-pigtailed optical isolator (ISO) that ensures unidirectional light propagation, a polarization controller (PC) used for managing the polarization state within the cavity and reaching stable self-started mode-locking. The 90% output port of a 90/10 optical coupler (OC) serves as the laser output. The measured total cavity length is of 11 m, including the EYDCF, the fiber pigtails of the combiner, the ISO, and the optical coupler. The dispersion values of the EYDCF, and SMF-28 fiber, are −21, and −22 ps2/km, respectively. These values yield the net cavity dispersion of −0.307 ps2, which means the fiber laser is expected to oscillate in all-anomalous dispersion regime.
The temporal characteristics of the laser were obtained by a high-speed photodiode (12.5-GHz bandwidth and 28 ps rise/fall time, Electro-Optics Technology, Inc. ET-5000) and monitored by a 2.5-GHz bandwidth oscilloscope (Oscilloscope, Keysight Technologies, InfiniiVision DS0X6004A). The optical spectrum of the laser emission was measured by an optical spectrum analyzer (OSA, Yokogawa AQ6375) with resolution of 0.05 nm and the average output power was measured by a thermal optical power meter (Thorlabs PM310D).
Results
In the proposed laser configuration, the SML laser pulses generation is based on the weak pump absorption of the EYDCF. In SML lasers, the long length of active medium leads to a weakly pumped rear section with absorption high enough to reach bleaching through the saturable absorption mechanism [33] . In our case, the length of the EYDCF was optimized in order to avoid generation of SQS pulses. For this purpose, preliminary results of the laser performance were obtained, starting from an EYDCF length of 2.5 m. For this fiber length, SQS lasing was observed in a pump power range from the lasing threshold of 439 to 685 mW. By carefully decreasing the EYDCF length, SQS laser operation was eliminated at an optimized fiber length of 1.8 m. Then, by applying a pump power level slightly above the lasing threshold and properly adjusting the PC, self-started mode-locking is achieved. Fig. 2 shows the experimental snapshot of the SML laser emission at pump power of 4.86 W. As seen from Fig. 2(a) , a typical train of mode-locked laser pulses was obtained. The pulse periodicity of ∼51.5 ns implies a single pulse propagation through a cavity length of ∼11 m. Initially, the pulse trains were obtained with high background noise but it was then significantly reduced by careful adjusting of the PC. The optical spectrum of the SML laser emission exhibits typical modulation of bound solitons generated with high modulation depth due to the fixed coherent phase difference between pulses in temporal domain (see Fig. 2(b) ). The optical spectrum indicates a π phase difference between the three-soliton bound state [10] , [41] . In our results, a pump power level of 4.86 W is enough to produce sufficient gain for stable multi-soliton state operation of the laser. As was said, the weakly pumped rear section of EYDCF acts an effective saturable absorber. In this case, the interactions between the pulses can be independently controlled by means of adjusting the polarization state via proper rotating the PC while keeping the properties of the SML almost unaltered [42] . As seen from Fig. 2(b) and Fig. 2(c) , the soliton molecule state with a pulse quartet is obtained. Fig. 2(b) shows a channeled optical spectrum with highly contrast modulations as it can be expected in normal average dispersion regime of a fiber laser [43] . The soliton quartet is formed by four pulses with identical wavelength separations of 0.43 nm (Fig. 2(b) ), which proves the same time separations between different pulse peaks in the autocorrelation trace of Fig. 2(c) [44] . The spectral envelope exhibits a bandwidth of ∼4 nm. The pulse width of the individual soliton pairs is of ∼3.27 ps, with wavelength separation of 17.32 ps in between, which is in accordance with the spectrum wavelength modulation. The seven peaks in the autocorrelation trace correspond to the bound states of four-soliton molecule [45] - [46] . Assuming a gaussian pulse profile with pulse width of 3.27, the calculated single soliton pulse energy is estimated to be 61.42 nJ. Fig. 3 permits to reveal the spectral and temporal properties of the soliton quartet molecules for different pump powers, from 0.46 to 4.8 W. The optical spectra in Fig. 3 (a) demonstrate invariance of their channeling characteristics at varying the pump power, that is, only proportional amplitude changes are observed in the spectra. Fig. 3(b) shows the amplitude distribution evolution of the autocorrelation trace for the soliton molecules as the pump power is gradually increased. As seen from the figure, the separation of pulses remains fixed at ∼20 ps at different pump power levels. Consequently, we attribute the formation of soliton quartet molecules to the mechanism of direct interaction between solitons, where discrete and fixed separations between them are expected [47] . The observed spectral and temporal stability of the pulses generated reveals a robust dynamic operation of the fiber laser.
The radio-frequency (RF) spectra of the mode-locked pulses have also been measured by using a photodetector in-couple with a high-resolution spectrum analyzer (Agilent, E 4407B, ESA-E series spectrum analyzer). As seen from Fig. 4(b) , the fundamental frequency of ∼19.54 MHz confirms the occurrence of fundamental mode-locking, in accordance with the pulses train shown in Fig. 2(a) . The optical signal-to-noise ratio (OSNR) in RF is ∼48 dB, proving the high stability mode-locking operation of the laser. Furthermore, the broadband RF spectrum spanning from 10 to 150 MHz of Fig. 4(a) reveals a modulation-frequency of ∼19.54 MHz, which is reciprocal to the sub-pulses sequencing interval of ∼51.1 ns.
The dependence of the average output power as a function of the pump power is shown in Fig. 5 . The measurements were obtained for the output pulses at 1563 nm by using a power meter with a thermal high-power head. As seen, for pump power variable within from 0.456 to 4.89 W range, the output power increase can be linearly fitted (red line) with a slope efficiency of 27%. The maximum output power of ∼1.2 W is obtained at pump power of 4.89 W. For the maximum pump power applied, the calculated pulse energy is of ∼50 nJ. The corresponding peak power is estimated to be ∼30 kW.
Conclusion
In summary, we experimentally demonstrated the generation of self-starting soliton molecules by a self-mode-locked Er/Yb double clad fiber laser. The optical spectrum of bound solitons shows eight peaks at around 1563 nm with a high modulation depth due to the fixed coherent phase difference between the pulses in timing domain. In the meantime, the autocorrelator trace reveals the existence of soliton quartet molecules. The pulse width of the individual soliton is 3.27 ps, with a separation of 17.32 ps, in accordance with the spectral modulated period of 0.43 nm. The soliton molecules present a repetition rate of 19.54 MHz, and average power of 1.18 W, achieved at maximum pump power of ∼4.8 W.
